This research article reports electrical characterization of a rare earth molybdate based on combination of rare earth (La 3+ ) and alkali (Li + ) metal ions. The experimental observation suggests the negative temperature coefficient of resistance behavior of the material. The material has been prepared by standard solid state reaction method, where the synthesis conditions have been optimized by thermal analysis. A possible mechanism for the formation of the polycrystalline LaLiMo 2 O 8 is reported. A systematic analysis has been done to determine the crystal structure of the powder material and it was found that the powder material was crystallized to tetragonal unit cell structure. Electrical properties have been studied using a.c. impedance measurement. The temperature variation of electrical conductivity of the material shows typical Arrhenius behavior. The activation energy evaluated from conductivity data works out to be ~0.94 ev.
Introduction
Polytungstates and polymolybdates based either on rare earth metals (R = La, Nd, Dy, Sm, Gd etc. [1] [2] [3] [4] [5] [6] [7] [8] or alkali metals (Li, Na, K, etc.) [8] [9] [10] [11] [12] [13] have drawn substantial attention in recent years because of their physical properties such as successive phase transition, ferroelectric/ ferroelastic behavior [1, 2] , phosphors [3] , and ionic conduction etc. [7] . The structural diversity results in existence of the polymorphism in rare earth molybdates arising as a result of flexibility in their coordination number and geometry of both rare-earth cation (La 3+ for example) [14] and molybdate ion (Mo 6+ for example) [15] centers. This property permits possibility of 6 -12 as well as 4 -7 coordinates with various coordination polyhedra for both trivalent rare earth cation and hexavalent molybdate cation respectively [9] . As a consequence, replacement/ substitution of rare earth cation with other species in polymolybdates becomes practically feasible although it is accompanied by drastic changes in structure and properties.
Although molybdates based on rare earths are not new, discovery of ionic conduction in molybdates (especially La 2 Mo 2 O 9 or similar other modifications) is a recent phenomena [7] . Conventionally ceramic oxides exhibiting ionic conduction has been described in literature belonging only to four different structural classes 1) Fluorite type [16] (YSZ); 2) Perovskites [17] (doped LaGaO 3 ); 3) Inter growth Perovskites/Bi 2 O 3 layered type [18] (BIMEVOX); 4) Pyrochlores [19] (Gd 2 Ti 2 O 7 ) . Recently, Lacorre and coworkers [7] have shown that ionic conduction is a practical reality in ceramic oxides whose crystal structure does not belong to any of the above structural classes (typically La 2 Mo 2 O 9 ). This has provided a new impetus to study oxomolybdates at intermediate and higher temperatures.
Anionic conductors (more specifically oxygen ion conductors) have drawn considerable attention recently because of their suitability for applications in solid oxide fuel cells (SOFC), oxygen sensors, oxygen pumping devices, etc. [20, 21] . In addition to above, the presence of vacant d-cells in molybdates also provides coloration efficiency by charge transport within the molybdate group. This inherent property of the molybdates makes it suitable for open circuit memory and electrochromic applications specially when doped with alkali metals such as (Li, Na, K etc. [22] 
Experimental Procedure

Sample Preparation
Polycrystalline samples of LaLiMo 2 O 8 were prepared by a standard solid state reaction method using optimized conditions of calcination temperature, by thermal analysis technique. Appropriate stoichiometric ratio of high purity (AR grade) precursors (Li 2 Co 3 , MoO 3 , and La 2 O 3 ) were taken initially and mixed mechanically for 2 ~ 3 h. This is followed by further mechanical grinding in methanol to achieve homogenous mixing of the constituents. The calcination temperature was found to be 550˚C. The powder so obtained after calcination was cold pressed into cylindrical pellets of (diameter 10 mm and thickness 1.3 mm) with polyvinyl alcohol (PVA) as the binder. An isostatic pressure of ~3 × 106 Nm -2 were applied for pelletization. The sample pellets so obtained were then sintered at 600˚C for 12 h. The sintered pellet was then polished to make their faces smooth and parallel followed by coating with a conductive silver paint. The coated sample pellets were dried at 150˚C for 2 -3 h before carrying out any measurement.
Sample Characterization
Thermal analysis (TGA/DTA/DTG) was carried out to check the possibility of formation of the desired phase. 5 mg of the physical mixture of the material sample was taken in an alumina crucible using a PERKIN ELMER of simultaneous thermal analysis system (STA) (air flow at 100 ml/min). The experiment was carried out over the temperature range (50˚C to 800˚C) at a constant heating rate of 10˚C per minute using alumina as the reference material. X-ray diffraction (XRD) studies were carried out to confirm the phase formation. XRD pattern was recorded in the Bragg angle range 5˚ < 2θ < 90˚ at room temperature with a diffractometer (PHILIPS, model: PW-1710) using CuKα radiation (1.5418 Å) as the source. The microstructural details were studied using scanning electron microscopy (SEM) analysis. It was carried out using a high resolution scanning electron microscope (SEM: JOEL JSM model 6700F). The sample pellet was gold coated with a thin film of gold prior to being scanned under high resolution field emission gun. Electrical measurements were carried out using a computer controlled impedance analysis (HIOKI LCR HI tester, Model: 3532) as a function of temperature over a range of frequencies (100 Hz to 1 MHz).
Results and Discussion
Thermal analysis techniques (TGA/DTA/DTG) provide very important and vital information including its synthesis conditions, nature of reaction at a particular temperature, phase transition etc. Figure 1 shows a TGA curve of the as prepared physical mixture.
The pattern shows a gradual mass loss of the material sample on heating from 50˚C onwards. Two small kinks with change in slope were noticed at the points A and B corresponding to temperatures ~150˚C and 330˚C respectively. These may be attributed to dehydration of water present in the material and intermediate reaction stages respectively. Subsequent heating is accompanied by a progressive mass loss with a drastic steep loss beginning at 510˚C onwards that attains a saturation value at ~550˚C. Beyond 550˚C there is no appreciable loss in mass with rise in temperature indicating stability of the residual material and completion of reaction leading to the formation of final product. The total mass loss up to 550˚C has been estimated to be 10.5%. The maximum mass loss occurring in the temperature range 510˚C and 550˚C may be attributed to the evolution of CO 2 gas. These observations were found to be in good agreement with the differential thermal analysis (DTA) pattern of Figure 2 (a) and differential thermogravimetry (DTG) pattern of Figure 2(b) . Three maxima occurring at the points G, H and I in the DTG thermogram may be attributed to the mass loss due to dehydration, intermediate reaction steps and CO 2 evolution towards the end of the reaction. The removal of the water content present in the material and CO 2 at the completion of the reaction appears to be endothermic process as indicated by two endotherms (points D & F) in DTA pattern. The presence of small exothermic peaks in the DTA pattern (point E) beyond 250˚C may be attributed to the beginning of reaction among mixed precursors corresponding to the intermediate steps.
A systematic XRD study was carried out to observe the various stages of changes in the course of reaction at different calcination temperature and to confirm final phase formation of the material. Figure 3(a) shows the XRD spectra of the as prepared physical mixture calcined at different temperatures. The intensity of the individual spectrum was normalized to observe the change in the intensity of the individual XRD peaks. Preliminary observation shows that the single phase of LaLiMo 2 O 8 was obtained at 600˚C. XRD pattern were recorded for the powder sample calcined at 625˚C and 650˚C and it was found that the phase remains stable at 650˚C. Initial observations lead to conclude that the material is polycrystalline in nature. The XRD pattern recorded at 600˚C was refined by JANA 2000 (a standard crystallographic program to solve, refine the XRD pattern). All the diffraction peaks were indexed and it matches well with the standard JCPDS data [23] . Detailed structural analysis indicates that the material under investigation crystallizes to tetragonal unit cell system. Table 1 shows the crystallographic parameters of the standard JCPDS data and the refined data.
It is observed that the tetragonal phase of LaLiMo 2 O 8 ceramics started to form at 550˚C as shown in Figure  3(b) . However, a careful observation shows the presence of impurities from the starting precursor materials. Further increase in calcination temperature leads to the formation of single phase of tetragonal LaLiMo 2 O 8 at 600˚C. XRD spectrum was recorded upto 650˚C to check the thermal stability of the tetragonal phase of LaLiMo 2 O 8 and it was found that the material was found to be stable at this temperature.
Based on XRD and thermal analysis results, it was postulated that the following reaction might be a possi- bility when the precursors were heated in the air atmosphere while solid state reaction was taking place. The surface property and microstructure of the material sample in the present studies were investigated using SEM. The SEM picture of the sample pellet is shown in the Figure 4 . The micrograph reveals a polycrystalline nature of material and confirms porous microstructure as indicated by the presence of voids of uneven distribution. Further, the micrograph indicates that the polycrystalline grains have typical dimension in the range of 1 -3 μm.
The electrical behavior of the system was studied over a wide range of frequency and temperature using a.c. technique of complex impedance spectroscopy. Figure 5 shows complex impedance spectrum (Nyquist Plot) of LaLiMo 2 O 8 measured at different temperatures. The impedance spectrum is characterized by the presence of semicircular arcs whose nature of evolution appears to be changing with rise in temperatures [ Figure 5 ]. Each semicircular arc in the impedance pattern can be attributed to a parallel combination of resistance and capacitance and its intercept with the real axis (X-axis) gives an estimate of bulk material conductivity. As temperature rises the arcs progressively become semicircular with shift in the center of their arc towards origin of the complex plane plot [ Figure 5 ]. Further, a general feature of the impedance pattern is the decrease in the bulk resistance of the sample with rise in temperature i.e., negative 
, where σ 0 = pre exponential factor, E a = Activation energy, k = Boltzmann constant. In addition to the above, a slight departure from the linear dependence of conductivity has been noticed at lower temperatures. It can be attributed to Mott's type hopping phenomena [27] . A maximum conductivity value of 3.6 × 10 -6 S·cm -1 has been observed at ~400˚C. This is a very high conductivity when compared with room tem-perature value (3.4 × 10 -10 ) indicating a jump of nearly four orders of magnitude. This may possibly be related to grain boundary conduction and lowering of the barrier to the mobility of charge carrier with rise in temperature. However, a detailed investigation is required to obtain further evidence for the same.
Conclusion
A ceramic oxide based on the combination of a rare earth and an alkali metal ion, LaLiMo 2 O 8 , was prepared. The preparation conditions have been optimized by carrying out thermal analysis studies. Thermo gravimmetry studies showed maximum mass loss (Δm/m) at a temperature of 550˚C beyond which it remained constant upto a fairly high temperature limit of 800˚C providing an evidence for thermal stability of the material. XRD studies confirmed material formation with polycrystalline texture and tetragonal unit cell structure. SEM analysis further confirmed polycrystalline nature of the material. Thermal analysis and XRD study results have enabled us to predict the possible reaction taking place leading to the formation of the material. Our results on electrical properties indicate a typical negative temperature coefficient of resistance (NTCR) behavior.
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